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This work attempts to explore the dynamic and steady-state rheological properties of chitosan modified clay
(CMCs) at highly hydrated state. CMCs with different initial chitosan/clay weight ratios (s) were prepared
from pre-exfoliated clay via electrostatic adsorption process. Thermogravimetric analysis and optical microscopy
were used to determine the adsorbed content of chitosan (m) in CMCs and the microstructure of CMCs at
highly hydrated state, respectively. Dynamic rheological results indicate that both stress-strain behavior and
moduli of CMCs exhibit strong dependence on m. Shear-thinning behavior for all of CMCs is observed and
further confirmed by steady-state shear test. Interestingly, two unique transitions, denoted as a small peak
region of the shear viscosity for CMCs with m > 2.1% and a sharp drop region of the shear viscosity for
CMCs with m e 6.3%, were observed at shear rate range of about 10 < γ̇ < 40 and 0.2 < γ̇ < 0.5 s- 1,
respectively. Further, analysis on the recovery of CMCs at rest after underwent a preshearing process was
performed with an emphasis to explain the presence of these unique transitions. Thixotropic effect was observed
in CMCs and showed strong dependence on m and the preshearing history. Failure to Cox-Merz rule of the
rheological behavior of CMCs suggests that some preferential orientation of the initial quiescent random
arrangement of CMCs particles or their tactoids occurs under the applied shearing.

Introduction
Silicate clay has been extensively applied for developing high

performance materials due to its unique combination of me-
chanical and thermal properties.1-7 It is composed of individual
microscopic sheets and has a highly layered sandwichlike
structure. Each sheet has a thickness of about 1 nm and lateral
dimension between 100 to 1000 nm.8,9 Excess negative charges
usually exists on the surface of each sheet since a part of Al3+

and Si4+ in aluminum-oxygen octahedron and silicon-oxygen
tetrahedron of clay crystal cell were replaced by Mg2+. As a
matter of fact, hydrated sodium ions and other ions were
adsorbed in the gallery space between the sheets through
electrostatic adsorption to keep an electrostatic balance. These
hydrated ions have the ability easily to exchange with other
organic and inorganic ions through cationic exchange process.10-12

The ion exchange capability of silicate clay has been determined
at about 0.9∼1.2 mequiv/g.10,11 It has been reported that
modification of clay with organic cations cannot only effectively
decrease its surface tension but promote its compatibility with
polymer substrate and monomers.13-15 More important, this kind
of modification on clay provides an essential way to introduce
different functional groups so that design materials with required
structure and performance.16-19

One of the most fantastic examples is the interaction between
clay and biopolymers such as proteins20 and polysaccharides.21-24

Because of the polycationic nature of chitosan in acidic media,
it has been reported that chitosan could intercalate into pristine
clay to form chitosan/clay nanocomposites (CCNs) by means
of cationic exchange process.25-28 Strong electrostatic interaction
between chitosan and clay was observed to exist in these

systems. Bilayered structure of chitosan has been built in the
gallery space during the CCNs preparation process. The first
layer took place mainly through electrostatic interaction between
the NH3

+ groups of chitosan and the negative sites on the surface
of the clay platelets while the second layer was established by
hydrogen bonding interaction between amino and hydroxyl
groups in the chitosan chain.28 This special arrangement of
chitosan in clay allows such a CCN to possibly act as a sensor
to potentiometrically determine some anions, especially monov-
alent anions.28 Moreover, enhanced mechanical properties and
thermal stability of CCNs have been reported as a result of the
strong clay-chitosan interaction27 and the synergistic effect
between two-dimensional (2D) clay platelets and 1D carbon
nanotubes (CNTs) in CCNs.29

However, although much work has been focused on the
structure and properties of chitosan modified clay (CMC) or
CCNs, rheological behavior of these hybrid materials at molten
state and especially at highly hydrated state has not been
systematically addressed yet. Compared to those previously
developed nanocomposites,30-37 CMCs could have some unique
rheological behaviors because of the semiflexible chain con-
formation of chitosan and its strong electrostatic interaction with
clay. In the present work, highly hydrated CMCs with different
adsorbed content of chitosan were prepared from electrostatic
adsorption process. The clay used here was pre-exfoliated by
strong mechanical shearing process to get adequate dispersion.
Similar treatments have been used to prepare nanoclay-
reinforced hydrogels, which have associative network and
excellent mechanical performance.38-40 The adsorbed content
of chitosan and the microstructure of CMCs at highly hydrated
state were determined by thermogravimetric analysis (TG) and
optical microscopy, respectively. As the main subject of this
work, rheological behaviors of CMCs at a highly hydrated state
were studied by oscillatory shear and steady-state shear mea-
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surements. Effect of the adsorbed chitosan on their recovery at
rest after underwent steady shear was further studied by dynamic
time sweep. Our results clarified that both microstructure and
rheological behavior of the highly hydrated CMCs are closely
related to the adsorbed content of chitosan.

Experimental Section

Materials. Chitosan samples with deacetylation degree of
98% and molecular weight (Mw) of 330 KD were purchased
from Kunpoong Bio. Co., LTD (South Korea). Silicate clay
(Cloisite Na+) was purchased from Southern Clay Products, Inc.
All of these reagents were used as received. Milli-Q (18.3 MΩ)
water was used in all experiments.

Sample Preparation. Two wt % chitosan solutions were
obtained by dissolving 4 g chitosan powder in 196 g of 1 wt %
acetic acid solution at room temperature. To prepare a suspen-
sion of pre-exfoliated clay, 5 g Cloisite Na+ was dispersed in
495 g distilled water by a magnetic stirrer (Thermix Stirring
Hot Plate Model 210T, Fisher Scientific) at 1500 rpm for 48 h.
The resultant solution was centrifuged at 3000 rpm for 30 min
to remove larger particles. The final concentration of the pre-
exfoliated clay in the semitransparent suspension is 0.92 wt %.

CMCs were prepared from solution mixing method at room
temperature. In this method, 0.5, 1, 1.5, 2, 2.5, 3, 4, and 5 g of
2 wt % chitosan solutions were first adjusted to the same weight
of 5 g using 1 wt % acetic acid solution, which will enable
adsorption of chitosan on the clay surface to occur at the same
conditions. Then, the adjusted chitosan solutions were separately
injected into 20 g 0.92 wt % clay suspensions dropwise under
a magnetic stirring of 200 rpm. In all of the cases, the resultant
mixtures were kept stirring at 200 rpm for 1 h to establish
adsorption equilibrium. The initial chitosan/clay weight ratios
(s ) WChitosan/WClay) in the chitosan/clay mixtures were cor-
respondingly calculated as 0.06:1, 0.11:1, 0.16:1, 0.22:1, 0.27:
1, 0.32:1, 0.44:1, and 0.56:1, respectively. After that, the CMCs
slurries prepared from the above initial weight ratios were
obtained by a centrifugation of 3000 rpm for 10 min. All of
them were washed with pure water until free from acetate and
were then sealed in centrifuge tubes for the next experiments.
The water content in these CMCs slurries was measured as 97.3
( 1.4 wt %. Concisely, the CMCs prepared here were denoted
as CMCs-x, where x ) 6, 11, 16, 22, 27, 32, 44, and 56 are
corresponding to the initial chitosan/clay weight ratios s ) 0.06:
1, 0.11:1, 0.16:1, 0.22:1, 0.27:1, 0.32:1, 0.44:1, and 0.56:1,
respectively.

Topography Analysis. Dispersion of clay in deionized water
was analyzed by a commercial Nanoscope IIIa Multi-Mode
AFM (Veeco Instruments, CA) in typing mode. The topogra-
phies were obtained at the scan size of 2 µm (data collection at
512 × 512 pixels) and the scan frequency of 1 Hz using a silicon
nitride cantilever. The samples were prepared by a solution
coating technique on a single crystal silicon plate. The concen-
tration of clay in suspension used here is about 15 µg/ml.
Quantitative determination of geometries of the dispersed clay
and their distribution were performed by image analysis of AFM
height topographies using Nanoscope V5.12 software. The
morphology of the highly hydrated CMCs was analyzed by
Nikon TE-2000U inverted optical microscope with ×40 objec-
tive lens.

Thermogravimetric Analysis. TG analysis was employed
to quantitatively determine the real adsorbed content of chitosan
in CMCs. Prior to the measurement, CMCs slurries prepared
from different initial weight ratios were dried in a vacuum oven
at 50 °C for 24 h and ground to powder. With sample weights

of 10 mg, TG traces were then measured by a thermal analysis
system (TA, U.S.A.) in the temperature range of 300∼1200 K
under an air atmosphere. The adsorbed chitosan contents in the
considered CMCs were approximately calculated from the
weight loss of the samples at 500∼800 K according to the
previous work reported by M. Darder et al.28 To remove the
effect of water, the real contents of chitosan in the measured
samples were calculated as

m)
�CS

1-�w
× 100% (1)

Here, φCS and φw are the weight losses caused by chitosan
and water, respectively.

Rheological Analysis. Oscillatory shear measurements of the
highly hydrated CMCs slurries were performed on a strain-
controlled rheometer (ARES, TA Instruments, New Castle,
U.S.A.). Measurements were carried out using parallel plate
geometry with 25 mm diameter and 1 mm gap at 25 °C. Prior
to measurement, the samples were loaded onto the plate and
left for 20 min to relax the stresses and obtain thermal
equilibrium. Strain sweeps ranging from 0 to 100% were carried
out to determine the proper conditions for dynamic measure-
ments. Dynamic frequency sweep experiments measuring the
complex viscosity (η*), storage modulus (G′) and loss modulus
(G′′ ) were performed as functions of angular frequency (ω)
ranging from 0.1 to 100 rad/s. A fixed strain of 0.5% was used
to ensure that measurements were taken well within the linear
viscoelastic region. Steady-state shear measurements for CMCs
slurries were performed over the shear rate range of 0.1∼100
s-1. The experimental protocols employed for these measure-
ments are virtually the same as those for the oscillatory shear
measurements. Furthermore, to explore mechanical stability and
recovery of CMCs, the samples were first loaded and presheared
under the shear rates of 0.1, 1, 10, 40, 50, and 100 s-1 for 300 s.
Then, dynamic time sweep with an angular frequency of 1 rad/s
and a strain of 0.5% was applied immediately to record the
evolution of G′ and G′′ within the testing time of 1000 s. As a
contrast, the same dynamic time sweep was also performed for
the same samples without suffering to the preshearing treatment.
However, rheological measurements for pure exfoliated clay
were not successfully performed here due to a failure to obtain
clay slurry with the same water content from its suspension. It
would not be the problem for us to make a comparison among
the rheological properties of CMCs with different adsorbed
chitosan content. For all of the experiments, a small amount of
low-viscosity silicon oil was coated around the edge of the
sample to prevent water evaporation. The effect of the silicon
oil on the overall rheological behavior is negligible.

Results and Discussion

Adsorption of Chitosan and Its Effect on the Microstruc-
ture of CMCs at Highly Hydrated State. Figure 1A,B shows
the height and phase images of the pre-exfoliated clay used here.
Though a few multilayered particles can still be observed from
the images, most of the clay particles were successfully
exfoliated to single or few-layered clay with the average
thickness of about 3 nm, as indicated by the section analysis
result (Figure 1C). By the addition of chitosan, the obtained
CMCs from different initial weight ratios are shown in Figure
1D. All of them exhibited an off-white slurry-like state. Table
1 presents the adsorbed content of chitosan in these CMCs. m
approximately undergoes an increase from 2.1 to 8.7% with
the increase of s. However, the increasing amplitude of m
becomes somewhat slight when s > 0.16:1.

5824 J. Phys. Chem. B, Vol. 113, No. 17, 2009 Liang et al.
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Since rheological properties of materials are mainly deter-
mined by its time-dependence microstructure, microstructure
of CMCs at a highly hydrated state was therefore studied by
optical microscopy and the results are presented in Figure 2.
CMCs-6 and CMCs-11 (Figure 2A,B) exhibit a relatively
smooth and continuous structure, while CMCs-16, CMCs-22,
CMCs-32, and CMCs-56 possess a networklike structure (Figure
2C,F). The networklike structure of CMCs with m g 6.3%
becomes more obvious with the increase of the adsorbed
chitosan content. This striking evolution in the microstructure
of CMCs from smooth to networklike is due to the increase of
the absorbed chitosan content on the clay surface. Considering
the chitosan/clay weight ratios, smooth structure of CMCs-6
and CMCs-11 arises from the higher content of the clay platelets,
which possess the major phase in this case. On the other side,
at higher chitosan/clay ratios, most of the clay platelets are likely
wrapped by chitosan chains. The interparticle interaction among

single CMCs particles is therefore enhanced through the
interaction between those adsorbed chitosan chains, which lead
to the formation of the networklike structure. Similar adsorption
behavior has been well disclosed by adsorption isotherm study
in CCN. Free chitosan chains are reasonable to exist in CMCs
due to hydrogen bonding interaction between amino and
hydroxyl groups on chitosan chain.28

Dynamic Rheological Properties of CMCs at Highly
Hydrated State. Figure 3 presents the applied strain (γ)
dependence of G′ and G′′ at the angular frequency of 2 rad/s.
For simplicity, we only show the data from the samples of
CMCs-6, CMCs-16, and CMCs-56. Payne effect, referring to
the strain-dependence of the dynamic viscoelastic properties of
filled polymers in the amorphous state, is observed in CMCs.
In comparison with the strain-hardening behavior of end-tethered
polymer nanocomposites, 41 CMCs here exhibit a strain-
softening response at most of the applied strain range. Moreover,
the strain-dependence of both G′ and G′′ is susceptible to m.
As to G′, a continuous and monotonous decrease with the
increase of the applied strain is observed for both CMCs-6 and
CMCs-16 at γ > 1%. This strong strain-dependence of G′
becomes somewhat less for CMCs-56 at lower shear strain. It
is striking to observe that G′′ of CMCs-56 shows a wider linear
regime at the strain range of 0.25% < γ < 40% compared to
that of CMCs-6 and CMCs-16. This extension in the linear
regime implies that CMCs with higher m are more stable against
the external strain. According to the results disclosed by optical
microscopy, this phenomenon could arise due to the formation
of the strong networklike structure at higher m. However, no
obvious difference is observed between G′′ for CMCs-6 and
CMCs-16 in this regime. With a further increase of the applied
strain, crossovers appear at the applied strain γ > 60% for all
of the samples, indicating a transition from solidlike behavior
to liquidlike behavior of CMCs. Obvious dependence of the
crossovers on m is not observed for the samples considered here.

Angular frequency (ω) dependence of G′ and G′′ for CMCs
over the frequency range of 0.1 to 100 rad/s is presented in
Figure 4A,B, respectively. The strain amplitude is fixed at 0.5%,
which is within the linear viscoelastic regime of CMCs. G′ is
higher than G′′ over the entire range of the applied frequency
for all of the studied CMCs. This fact indicates that the
considered CMCs have a predominately elastic rheological
response over the entire frequency range. No liquidlike to
solidlike transition, which usually takes place at a certain critical
content of clay in synthetic polymer-based nanocomposite melts,
is observed at low frequency region for all of CMCs.42-44 In
Figure 4A, G′ is nearly independent to the applied frequency
in the region of ω > 50 rad/s. The resulting modulus in the
plateau is a combination of chitosan chains and the clay platelets.
To further determine the effect of the adsorbed chitosan content

Figure 2. Optical microscopy images of CMCs-6 (A), CMCs-11 (B),
CMCs-16 (C), CMCs-22 (D), CMCs-32 (E), and CMCs-56 (F) at highly
hydrated state.

Figure 1. AFM height (A) and phase (B) images of the pre-exfoliated
clay in distilled water. (C) Section analysis of the AFM height image.
(D) Picture of the prepared CMCs.

TABLE 1: The Adsorbed Content of Chitosan in the
Studied CMCs

samples
initial

weight ratios
(s ) Wchitosan/Wclay)

adsorbed content
of chitosan
m )(φCS)/

(1 - φw) × 100%

CMCs-6 0.06:1 2.1
CMCs-11 0.11:1 4.7
CMCs-16 0.16:1 6.3
CMCs-22 0.22:1 6.9
CMCs-27 0.27:1 7.4
CMCs-32 0.32:1 8.1
CMCs-44 0.44:1 8.5
CMCs-56 0.56:1 8.7

Figure 3. The storage modulus (G′) and loss modulus (G′′ ) of CMCs-6
(a), CMCs-16 (b), and CMCs-56 (c) as a function of the applied strain.

Rheological Behavior of Chitosan-Modified Nanoclay J. Phys. Chem. B, Vol. 113, No. 17, 2009 5825
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on G′ and G′′ , the values of both G′ and G′′ obtained at ω ) 2
rad/s and γ ) 0.5% are presented in Figure 4C as a function of
m. One of the important reasons to choose these conditions for
studying G′ and G′′ is that this lower frequency will not greatly
change the structure of CMCs as compared to its original state.
On the other hand, this frequency is so well matched that we
were able to determine the linear viscoelasticity domain.
Interestingly, with the increase of m, CMCs-16 shows the
highest values of G′ ∼ 22.6 kPa and G′′ ∼ 3.1 kPa, which are
largely higher than that of the other CMCs. Moreover, both G′
and G′′ of CMCs from m g 7.4% are lower than those of CMCs
from m < 7.4%. And a low modulus plateau of CMCs appears
at m > 7.4%. These results indicate that both G′ and G′′ show
strong dependence on the adsorbed content of chitosan. In terms
of the chitosan/clay weight ratios, the different contribution
between the clay platelets and chitosan to the modulus of CMCs
may responsible for this dependence. At low chitosan content,
clay platelets acting as the major phase contributes the higher
elastic part of CMCs. At high chitosan level, the clay platelets
are totally wrapped by chitosan and the free chitosan chain left
contributes more to the viscous part of the mixture. However,
at a certain value of the chitosan/clay ratio (CMCs-16), the
highest values of G′ and G′′ could arise from the formation of
the continuous network. In such case, both clay and chitosan
possess the best synergistic effect to the modulus of CMCs.

Steady-Shear Rheological Properties of CMCs at Highly
Hydrated State. Shear viscosity (η) as a function of the applied
shear rate (γ̇) is presented in Figure 5. The shear viscosity of
CMCs shows no Newtonian plateau but a quite complicated
nonlinear decrease with the increase of the shear rate. Two

special transitions of η at the shear rate of about 0.2 < 0.2 <
γ̇ < 0.5 s- 1 (region 1) and 10 < γ̇ < 40 s- 1 < 40 s-1 (region
2) are observed for the tested CMCs during the shearing process.
The transition in region 1 exhibits a sharp drop of η while that
in region 2 shows a small peak value of η. Strikingly, these
transition behaviors of CMCs have a close dependence on the
absorbed chitosan content. Compared to the two-transition
characteristic of CMCs-11 and CMCs-16, there is only one
transition for CMCs-6 in region 1 and only one transition for
the other CMCs prepared from s > 0.16:1 in region 2. Moreover,
in region 1, both the onset shear rate for the transition and the
dropping amplitude in η of CMCs-11 and CMCs-16 is lower
than that of CMCs-6. No obvious m dependence of the onset
shear rate is observed for the transition in region 2. It is
important to point out that, this rheological behavior is quite
different from that of clay suspensions and chitosan aqueous
solution. Clay suspensions with low clay concentration (1 wt
%) were observed to exhibit a nearly linear shear-thinning
behavior at the applied shear rate of 10-3∼100 s-1 while
chitosan dissolved in acetic acid/sodium acetate aqueous solution
showed a Newtonian behavior at the shear rate range of 1∼100
s-1. 45-47 The reasons to cause the above unique transitions will,
however, be further clarified in the following section.

Effect of Chitosan on Mechanical Stability and Thixotro-
pic Behavior of CMCs at Highly Hydrated State. To explain
the above unique rheological properties of CMCs, the mechan-
ical stability of CMCs was further investigated according to
the decrease amplitude in the modulus of CMCs after suffered
to a preshearing treatment at a certain shear rate. Changes in
G′ of CMCs-6, CMCs-16, and CMCs-56 before and after
underwent a preshearing at (γ̇) ) 1 s-1 for 300 s are depicted
in Figure 6A as a function of the recovery time. Compared to
the storage modulus before preshearing (G′Before), a large
decrease in the modulus after preshearing (G′After) is observed
for all of the tested CMCs. This decrease in G′ is due to the
disorganization in the interparticle-connected microstructure of
CMCs and orientation of CMC particles. For a more quantitative

Figure 4. G′ (A) and G′′ (B) of CMCs as a function of angular
frequency at γ ) 0.5%; (C) G′ and G′′ as functions of the adsorbed
chitosan content at ω ) 2 rad/s and γ ) 0.5%.

Figure 5. Shear viscosity (η) as a function of shear rate (0.1∼100
s-1) for CMCs with s ranging from 0.06:1 to 0.56:1.

Figure 6. (A) Time dependence of G′After for CMCs-6 (a), CMCs-16
(b), and CMCs-56 (c) after presheared at 1 s-1 for 300 s, respectively
((O) before shearing, (b) after shearing). (B) Time dependence of G′After

for CMCs-56 after presheared at the shear rates of 0.1, 1, 10, and 100
s-1 for 300 s, respectively. The inserted picture shows a relation between
the applied shear rate and the values of G′After at the end of each recovery
test.

5826 J. Phys. Chem. B, Vol. 113, No. 17, 2009 Liang et al.
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illustration of the changes, the decrease amplitudes (∆G ’) of
the storage modulus before and after preshearing were calculated
as the following

∆G′ )
G′Before -G′After

G′Before
× 100% (2)

The maximum decrease amplitude of the storage modulus
after suffered to the preshearing treatment is up to 77.4, 45.2,
and 36.4% for CMCs-6, CMCs-16, and CMCs-56, respectively.
It is therefore clear that the mechanical stability of CMCs is
strengthened with the increase of the adsorbed chitosan content.
Among those considered CMCs, CMCs-6 composed of the clay
platelets as the major phase is the most affected system to the
preshearing treatment as a result of the strong disorganization
of the clay platelets. CMCs-56 is less affected by preshearing
due to its lower elastic component and continuous network
structure. CMCs-16 then can be logically characterized by an
intermediate disorganization compared to the two extreme
systems.

Furthermore, the recovery of CMCs at rest after the steady
shear can be considered a fundamental thixotropic process.
Monotonic increase of complex viscosity or modulus with the
increase of recovery time has been observed in clay aqueous
suspensions.48 Typical thixotropic behavior of clay-water sus-
pensions, which possess a time-dependent process, is usually
associated with restoration and destruction of the structure of
clay platelets.49-52 In Figure 6A, continuous increase of G′After

for all of the considered CMCs within the time scale of
measurement provides a direct proof for the thixotropic behavior
of CMCs. The recovery amplitude of G′After within the testing
time is closely related to the adsorbed content of chitosan. It
implies that the adsorbed content of chitosan has the ability to
affect the restoring capability of CMCs. Moreover, a power law

G′After ∼ tn (3)

characterizing the kinetics of the thixotropic recovery of clay
suspensions is applied to describe the linear relationship between
log G′After and log t in Figure 6A. Single exponent is valid over
the time scale from 10 to 1000 s. The exponent n can be
determined directly from the fitting slopes of the experimental
curves of log G′After versus log t. The determined values of n
are 0.165, 0.082, and 0.072 for CMCs-6, CMCs-16, and CMCs-
56, respectively. The results indicate that the time scale for
CMCs to reorganize is largely prolonged with the increase of
m. However, n ) 0.165 for CMCs-6 is quite close to n ) 0.158
observed in sodium montmorillonite aqueous suspensions.48 Low
chitosan content shows no obvious effect on the thixotropic
nature of the clay platelets. It is worthy noting that, G′After is
still lower than G′Before and no equilibrium is reached within
the testing time.

Figure 6B presented are the recovery curves of G′After for
CMCs-56 obtained at the preshear rate of (γ̇) ) 0.1, 1, 10, and
100 s-1 (The curves from (γ̇) ) 40 and 50 s-1 are not shown
here). It is quite clear that G′After of CMCs-56 shows strong
dependence on the applied steady shear. For a further descrip-
tion, G′After values of CMCs-56 from the end of each recovery
time are plotted as a function of the applied preshear rates. The
result clarifies that G′After decreases first with the increase of
the applied shear rate and then reaches a plateau when (γ̇)
exceeds about 40 s-1. In the plateau regime, the microstructure
of CMCs-56 is almost fully disorganized by the strong steady
shear, which causes more viscouslike of CMCs-56. Furthermore,
the values of the exponent n were calculated as 0.054, 0.072,
0.043, and -0.157 for the shear rate of 0.1, 1, 10, and 100 s-1,

respectively. These results indicate that the restoration of CMCs
is strongly related to preshearing history. The negative value
of n obtained at (γ̇) ) 100 s-1 suggests a full lack of restoration
in the microstructure of CMCs within the time scale of
measurement. Similar dependence of thixotropic flow on steady
shear has also been reported in clay-water suspensions. 49

Combined with the result from optical microscopy, it is
therefore reasonable to explain the unique transitions of CMCs
(Figure 5) according to the mechanical stability and thixotropic
behavior of CMCs. For CMCs-6, sharp drop of η in region 1 is
due to the synergistic effect of the orientation of CMCs particles
and the sudden rupture of their weak interparticle-connected
microstructure formed through some weak interactions such as
Van der Waal force. For the CMCs with m > 6.3%, the situation
is quite different due to the formation of strong networklike
structure that greatly strengthens the ability of CMCs to resist
the external stress. This strong networklike structure only can
be broken when the applied shear stress exceeds its yield point.
In such a case, region 2 mainly stems from the full deformation
of the networklike structure of CMS at its yield point. The lack
of the sharp drop of the shear viscosity in region 1 is due to
the partial deformation and orientation of the network-like
structure at low shear rate. However, as the intermediate of
these two extreme cases, CMCs-16 is logically characterized
by these two transitions due to the coexistence of both the
networklike structure and some weak particle-interconnected
structure.

Test of Cox-Merz Rule on the Rheological Behavior of
CMs at Highly Hydrated State. The ability of CMCs to alter
their mesoscale structure and orient their basic particles under
shear flow is further analyzed by employing empirical Cox-Merz
rule. The analysis results of CMCs-6 and CMCs-56 are
demonstrated in Figure 7. The Cox-Merz rule states that

η*(ω)) η(γ̇) for ω) γ̇ (4)

where, η* (ω) and η (γ̇) are frequency-dependence complex
viscosity and shear viscosity, respectively. This relationship is
generally acceptable for homopolymers and also some unfilled
disordered liquid-like block copolymers. However, for the highly
filled polymer matrix examined previously, η*(ω) is always
higher than η (γ̇) with the magnitude of the difference increasing
with the increase of silicate loading.53,54 Figure 7 shows η*(ω)
always exceeds η (γ̇) over the entire range of shear flow for
both of CMCs-6 and CMCs-56, which indicates a failure to the
Cox-Merz rule in this system. In accordance with those filled
polymer systems, such a failure could arise due to some
preferential orientation of the initial quiescent random arrange-
ment of CMCs particles or their tactoids under a steady shear.
Interestingly, the difference (∆η) between η*(ω) and η (γ̇)
shows a strong dependence on m. There is a rapid increase in
∆η with the increase of the shear rate or angular frequency for

Figure 7. Test of Cox-Merz rule on the rheological behavior of
CMCs-6 and CMCs-56.
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CMCs-6, whereas a much slighter change is observed for that
of CMCs-56. This result clearly demonstrates that the orientation
of CMCs particles with lower m is more sensitive to the shear
flow than that of CMCs with higher m. It agrees well with the
result described in Figure 6A. The larger ∆η of CMCs-6 at
higher shear rate may arise from the substantial alignment of
CMCs particles.

Conclusion

As disclosed by optical microscopy, the microstructure of
the highly hydrated CMCs possessed a remarkable evolution
from relatively smooth to network-like structure with the
increase of m. Rheological results indicated that all of the
considered CMCs showed an elastic rheological response at γ
< 60% while a solidlike to liquidlike transition occurred at γ
> 60%. With the highest moduli of CMCs-16 and the most
extensively linear stress-strain region of CMCs-56, both moduli
and stress-strain behavior of CMCs were closely related to the
adsorbed chitosan content. Moreover, shear viscosity of CMCs
showed a nonlinear decrease over the entire range of the applied
shear rate, indicating a shear-thinning behavior. Two unique
transitions in the shear viscosity including a small peak region
around at 10 < (γ̇) < 40 s-1 and a sharp drop region around at
0.2 < (γ̇) < 0.5 s-1, were observed depending on m. Further,
thixotropic behavior was observed in CMCs systems. Fitting
of the exponent n indicated that the CMCs with lower m or
with preshearing history from lower shear rate showed a stronger
restoration capability within the testing time. The mechanical
stability of CMCs was greatly enhanced by the adsorbed
chitosan due to the formation of networklike structure at higher
m. These differences in the mechanical stability of CMCs were
therefore considered as the main reason to result in the strong
m-dependence of the unique transitions and stress-strain
behavior. The sharp drop region for CMCs with m e 6.3% was
attributed here to the synergistic effect of the orientation of CMC
particles and the sudden rupture of their weak interconnected-
microstructure, while the small peak region for CMCs with m
> 2.1% could arise due to the complete deformation of the
strong networklike microstructure at its yield point. Failure to
follow the Cox-Merz rule of CMCs further implied that shear-
thinning in this system was closely related to some preferential
orientation of the initial quiescent random arrangement of CMCs
particles or their tactoids under the shear flow.
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